Combining biological and chemical methods for the modification of starch is a very interesting prospect. The goal of this work was to investigate the influence of debranching and acetylation on the structure of rice starch (RS), ultimately to improve the function of RS. Our experimental results showed that RS particles can be completely destroyed by debranching. The crystal structure of RS is A-type, but the structure of debranched rice starch (DRS) and acetylated debranched rice starch (ADRS) is B-type. The crystallinity degree of DRS and ADRS was less than that of RS. The surface of DRS and ADRS particles became very rough, marking a complete departure from the surface of smooth RS granules. Acetylation occurred specifically at the sides of DRS granules. The surface hydroxyl numbers of RS increased after debranching and acetylation, and the thermal characteristics changed substantially. Debranching led to an increase in onset temperature from 97.79 to 107.64°C; acetylation improved the freeze-thaw stability and swelling power of both the RS and DRS. The blue value of RS varied from 0.424 to 0.640 due to debranching.
Introduction
Starch, a natural and renewable resource, is commonly used in food, medicine, textile, papermaking, packaging, petroleum, and other industries. [1] Starch accounts for more than 80% of the total constituents of rice. [2] Rice starch (RS) has unique physical and chemical properties including small particle size, strong adsorption, and narrow molecular size range. RS is commonly applied as a fat substitute, baby food, cosmetic and photographic paper due to its special properties including small particles and narrow molecular size range. [3] [4] [5] The native starch must be modified to mitigate its unfavourable properties such as poor solubility, freeze-thaw stability, and shearing resistance. [6] Modification gives starch a low gelatinization temperature, high transparency, low viscosity, high stability, and other desirable characteristics. The most common methods of improving starch properties include chemical, physical, and enzymatic modifications. [7, 8] Chemical modification is typically preferred due to the wide range of reagents available. Chemical modification is generally achieved through derivatization such as cross-linking, esterification, etherification, or acid hydrolysis. During acetylation, hydrophilic hydroxyl groups are substituted for hydrophobic acetyl groups; this makes the starch hydrophobic and prevents hydrogen bonding between hydroxyl groups and water molecules. Acetylation also affects the stabilization of the starch gels, [9] and can improve the solubility, swelling power, and paste clarity of starch while reducing its retrogradation tendencies. [10] Pullulanase is a starch debranching enzyme which cleaves α-1, 6-glucosidic linkages in the amylopectin and other related polysaccharides. It can enhance the proportion of straight-chain starch molecules in material such as rice. [11] It is also commonly employed in combination with other amylolytic enzymes such as glucoamylase and α-amylase in the starch processing industry and for the production of sugar syrups. [12] Debranching starch creates greater likelihood of molecule alignment or aggregation to form crystalline structures, which helps to form resistant starch. Resistant starch is becoming a popular food ingredient due to its stability under heat treatment during processing and its positive physiological effects on human health. [13] In this study, we used pullulanase to achieve functional improvements to RS that would not have been possible via chemical modification alone. The properties of acetylated debranched rice starch (ADRS), as a potential additive, differ substantially from those of RS, debranched rice starch (DRS), acetylated rice starch (ARS), or other modified starches from potato, corn, cassava, or other material. ADRS was prepared as an experiment to determine the effects of debranching and acetylation on the structure of RS. We also evaluated the technological properties of ADRS to explore its potential application per its high amylose content, high gelatinization temperature, low swelling power, and other useful properties.
Materials and methods

Materials
RS was purchased from Shandong Jiangxi Jinnong Biological Co., Ltd. Huanong (China). Pullulanase (2000 U/mL) was purchased from Jining Hemei Biological Engineering Co. Ltd. Acetic acid and sodium acetate were purchased from Tianjin Bodi Chemical Co. Ltd. Anhydrous glucose and glycerol were purchased from Tianjin Regent Chemicals Co. Ltd. 3,5-dinitrosalicylic acid was purchased from Sinopharm Chemical Reagent Co. Ltd. Ethanol, potassium iodide, and sodium hydroxide were purchased from Shenyang Xinhua Reagent Factory (China). Acetic anhydride was purchased from Tianjin Chemical Reagent One Factory (China). Hydrochloric acid was purchased from Shenyang Paier Fine Chemical Factory (China). Potassium bitartrate was purchased from Shenyang Xinxing Reagent Factory (China). Iodine was purchased from Shenyang Reagent One Factory (China). All reagents were of analytical grade and utilized as-received.
Preparation of DRS and ADRS
The enzymatic hydrolysis of RS was carried out according to a previously published method. [14] A suspension with 8% mass concentration was produced by adding 50.0 g of native RS (moisture content = 11.23%) and 568.67 g of sodium acetate buffer into a 1000 mL beaker, stirring it, heating it to 95°C in a water bath, and holding the temperature constant for 60 min. The paste was then cooled to 55°C and supplied 60 U/g (dry starch) of pullulanase. RS debranching was carried out under continuous agitation at 55°C for 2 h. After the debranching was complete, the paste was heated in a boiling water bath for 30 min to inactivate the enzyme. Ethanol was added to the paste to separate the products from the water, then the precipitate was centrifuged at 1500 r/min for 20 min. The washing and centrifugation cycle was repeated at least four times. The precipitate was dried, pulverized, and sieved to obtain the final DRS sample.
ADRS was acetylated by a previously published method. [15] A suspension with mass concentration of 30% was produced by adding 35 g of DRS (dry basis, water content = 3.86%, DE = 0.17) and 80.26 g of distilled water into a 250 mL three-neck round-bottom flask, stirring it, and heating it to 40°C in a water bath. The pH of the suspension was adjusted as necessary with 4% mass concentration sodium hydroxide solution. The required amount of acetic anhydride was added dropwise into the suspension within 30 min while the pH of the suspension was kept constant with the same sodium hydroxide solution. Once the reaction ended, the slurry was vacuum filtrated with a SHZ-C vacuum pump and circulated water system (Henan Province Gongyi City YingYuHua Instrument Factory, China). The filtered cake was washed several times with distilled water and dried under a heat lamp for about 2 h, then ground and screened to obtain the final ADRS sample. The formula of DRS reacting with acetic anhydride is as follows:
Debranching degree, acetyl content, and surface hydroxyl numbers Dextrose equivalent (DE) values were used to evaluate the debranching degree of RS. [16, 17] The relationship between glucose content (Y) and absorbance (x) is as follows:
The DE during hydrolysis was determined by the following formula:
DE ¼ Reducing sugar in starch hydrolysate ðexpressed as glucoseÞ Total solids content of starch hydrolysate Â 100
The acetyl content and degree of substitution (DS) were determined titrimetrically by a previously published method. [18] The surface hydroxyl numbers on the sample particles were also determined based on our references. [19] Freeze-thaw stability, blue value, swelling power, retrogradation
The freeze-thaw stability, blue value, and swelling power of the samples were determined by previously published methods. [20] [21] [22] [23] The mass percentage concentration of samples used for retrogradation was 0.2% (dry samples).
Acid and alkali resistance
The acid and alkali resistance of the samples were measured by a previously published method. [24] A slurry with a concentration of 1.0% by dry samples was prepared and gelatinized in a boiling water bath. The viscosity of the paste was measured with a NDJ-1A rotational viscometer (Shanghai Changji Geological Instrument Company Limited, China) at pH 3 or 10, respectively, at 25°C.
Fourier transform infrared spectroscopy (FTIR)
We used an IR Prestige-21 infrared spectrometer (Shimadzu Corporation, Japan) to record FTIR spectra within the 4000-400 cm −1 range and in a solid state using the KB pellet method. [25] X-ray diffraction (XRD) XRD patterns were obtained using an X'Pert Pro MPD X-ray diffractometer (PANalytical Co., Ltd., Netherlands). The conditions for recording were as follows: voltage 40 kV, current 30 mA, scanning rate 8°/min, and scanning angle (2 θ) range 5-45°. [26] Particle morphology
Particle morphology was observed under a XPL-2 transflective polarizing microscope (Nanjing Jiangnan Yongxin Optics Company LTD., China) and Hitachi S-3400N scanning electron microscope.
[27,28]
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Thermal analysis
We conducted thermal analysis of RS and its derivatives on a TGA Q50 V20.10 Build 36 thermogravimeric analyzer and a DSC Q20 V24.4 Build 116 differential scanning calorimeter (TA Instruments, US) in a nitrogen atmosphere. Analysis conditions were as follows: heating rate 10°C /min, nitrogen 50.0 mL/min (DSC), or 60.0 mL/min (TGA). [29, 30] Results and discussion
Effects of acetylation and debranching on RS freeze-thaw stability, blue value, swelling power, and surface hydroxyl number
The freeze-thaw stability, blue value, swelling power and surface hydroxyl numbers of RS, DRS (DE = 0.17 and similarly hereafter), ARS (DS = 0.0617, similarly hereafter), and ADRS (DE = 0.17, DS = 0.0616, similarly hereafter) are presented in Table 1 . All three factors in the original RS were markedly influenced by debranching and acetylation. Debranching reduced the freeze-thaw stability of RS due to the increase in amylose, but acetylation increased its freeze-thaw stability due to the introduction of acetyl groups which have better water binding capacity. Debranching increased the blue value of RS considerably, confirming that the process was successful. Acetylation also decreased the blue value of ARS and ADRS. The contents of amylose in starch are related to its blue value. [30] Acetylation does not alter the amylose content of the starch, as it does not perform any chain-breaking function. The variations in blue values between DRS and ADRS indicate that acetylation may occur on the amylose chains; the introduction of acetyl groups may affect the interaction between DRS, ADRS, and iodine molecules. Debranching reduced the swelling power of RS, but acetylation improved the swelling power of the ARS and ADRS. This suggests that the increase in amylose content was not conducive to the swelling power of starch. The properties of ADRS differed considerably from those of RS owing to the high amylose contents and acetyl groups.
As presented in Table 1 , the surface hydroxyl numbers of RS (and thus likely the RS granule structure) were altered by debranching and acetylation. The surface hydroxyl numbers of DRS were greater than those of RS, as well, indicating that debranching increased the surface hydroxyl number of the starch. Acetylation further increased the surface hydroxyl number, though we expected it to decrease in the ARS or ADRS after treatment. It is possible that the acetylation destroyed the structure of RS or DRS granules in such a way that no further hydroxyl groups could be released from inside them, i.e., that acetylation affected not only the surface of the starch granules but also their interior. The granular morphologies we observed support this hypothesis (Fig. 3) . Effects of acetylation and debranching on RS acid and alkali resistance
The alkali and acid resistance of RS, DRS, ARS, and ADRS are presented in Table 2 . The RS viscosity was decreased considerably after debranching. The viscosities of RS, DRS, ARS, and ADRS at pH 3 all increased. The viscosity change rate of DRS, ARS, and ADRS at pH 3 and 10, respectively, were less than that of RS. The viscosity change rate of DRS and ADRS at pH 3 was more than that of DRS and ADRS at pH 10. These observations altogether suggest that the alkali and acid resistance of RS were improved by acetylation and debranching. The acid resistance decreased in order from ARS, DRS, ADRS, to RS; the alkali resistance decreased in order from ADRS, ARS, DRS, to RS.
FTIR analysis
FTIR spectra of RS, DRS, and ADRS are shown in Fig. 1 . The absorption peaks of all three samples at wave number 3412 cm −1 belonged to the stretching vibration of -OH groups. Debranching evidently decreased the peak intensity of -OH groups, possibly due to a reduction in free OH groups caused by the increase in hydrogen bonds between DRS molecular chains. [31, 32] The intensity of the peak at wave number 2926 cm
in the DRS FTIR spectrum, which belonged to C-H bond stretching vibration, was also reduced by debranching. The absorption peak at the wave number 1640 cm -1 belonged to H-O-H bending vibration and the absorption peak at wave number 1150 cm −1 can be attributed to C-O-C bond stretching vibration. The absorption peak of ADRS at wave number 1729 cm −1 was attributed to the characteristic peak of the carbonyl groups, indicating that these groups were introduced into the molecules of ADRS by acetylation.
XRD analysis
The XRD patterns obtained for RS, DRS, and ADRS are shown in Fig. 2 . The peaks of the RS diffractogram were observed at diffraction angles of 15°, 17°, 18°, 20°, and 23°, respectively. The diffraction peaks at diffraction angles 17°and 18°were bimodal. The diffraction peak at diffraction angle 20°was weak. These peaks indicate that the RS particles were A-type. Debranching significantly reduced the diffraction peak intensity and width of the RS diffractogram. The diffraction peaks of DRS and ADRS diffractograms were present at 15°, 17°, 20°, and 22°, respectively. The DRS diffractogram was similar to that of ADRS. These measurements indicate that the crystal structure of DRS and ADRS granules were B-type, in other words, debranching completely changed the structure of the RS particles. Acetylation did not influence the crystallinity structure of the DRS particles, however. The crystallinity degree of RS, DRS, and ADRS T. HONGBO ET AL.
were 28.60%, 20.41%, and 17.60%, respectively. The crystallinities of DRS and ADRS were considerably less than that of RS, suggesting that the crystalline region of RS was reduced by debranching and acetylation.
Influence of debranching and acetylation on granule morphology SEM photos of the RS, DRS, and ADRS are shown in Fig. 3 . The RS granules were polyhedral and ranged in size from about 3-10 μm. The RS surface was smooth, but the surface of DRS and ADRS granules was very rough. The DRS and ADRS granules were also irregular in shape and DRS was covered in several tiny fragments. After the DRS was acetylated, deep grooves appeared on the sides of some ADRS granules. In effect, acetylation occurred mainly on the side of the DRS granules as opposed to the face. The increase in the surface hydroxyl numbers of ADRS also supports this observation.
Thermal properties
The thermal properties of the RS, DRS, and ADRS were analyzed by TGA and DSC. The DSC and TGA curves of RS were different from those of DRS and ADRS; the variations in DSC curves were especially obvious (Fig. 4) . Dehydration and decomposition, as two separate processes, were observed clearly during the thermal degradation of starch. The first step occurred below about 100°C as the moisture content of the samples was affected; the second stage started at about 260°C and ended at about 350°C. The mass of samples decreased dramatically during this stage. The second stage of DRS and ADRS, conversely, began at about 200°C and ended at about 320°C. The thermal stability and melting process of RS were altered by debranching and acetylation; the endothermic peaks of DRS and ADRS were strengthened after the modification process. The relevant thermodynamic parameters we calculated are listed in Table 3 .
As shown in Table 3 , the onset decomposition temperature, end decomposition temperature, and mass loss rate of ADRS and DRS were less than those of RS. The onset decomposition temperature and end decomposition temperature of ADRS were less than those of DRS, but the mass loss rate of ADRS exceeded that of DRS. These calculations suggest that acetylation reduced the onset decomposition temperature and end decomposition temperature of ADRS, but increased its mass loss rate. Debranching increased the thermal stability of the starch, but the acetylation had relatively little effect on the thermal stability of DRS. The peak temperature, end temperature, and melting enthalpy of DRS decreased after treatment but its onset temperature increased compared to those of RS. The increase in onset temperature may be attributable to the variation in the structure and amylose content of DRS. Acetylation reduced the onset temperature, end temperature, and melting enthalpy of DRS, but increased its peak temperature. 
Conclusion
The granular structure of RS was completely destroyed after debranching. The crystal structure of RS belonged to the A-type, but the crystal structure of our DRS and DARS samples were B-type. The crystallinity degree of DRS and ADRS were less than that of RS, and the RS surface was smooth. Acetylation occurred chiefly on the sides of the DRS granules. Debranching and acetylation together resulted in an increase in the surface hydroxyl numbers of RS. Debranching significantly altered the peak intensity of -OH groups. The peak temperature, end temperature, and melting enthalpy of DRS decreased but its onset temperature increased compared to those of RS. The onset decomposition temperature, end decomposition temperature, and mass loss rate of ADRS were less than those of RS. Acetylation reduced the onset temperature, end temperature, and melting enthalpy of DRS, but increased its peak temperature. The freeze-thaw stability and swelling power increased in order from DRS, ADRS, RS, to ARS in our samples; the blue values increased in order from ARS, RS, ADRS, to DRS. 
